The objective of the present study was to define the secretion of prolactin (PRL) in pregnant African and Asian elephants. Levels of immunoreactive (ir-) PRL in serum and placental homogenates were measured by a heterologous radioimmunoassay (RIA) based on an ovine and human RIA system, and the localization of ir-PRL in the placenta was detected by immunohistochemistry using anti-human PRL. Circulating ir-PRL clearly showed a biphasic pattern during pregnancy in African and Asian elephants. Serum levels of ir-PRL started to increase from the 4 -6th month of gestation and reached the first peak level around the 11-14th month. A second peak of circulating ir-PRL levels was observed around the 18-20th month of gestation followed by an abrupt decline after parturition. In contrast, in a case of abortion of an African elephant, the second peak of ir-PRL was not observed, and the levels remained low for about four months until parturition. The weight of the fetus delivered at the 17th month of gestation was 23.5 kg, which was quite small compared with normal fetuses in previous reports. Ir-PRL was detected in placental homogenates, and immunolocalization was observed in trophoblasts in both the African and Asian elephants, indicating that the placenta is the source of ir-PRL during pregnancy in elephants. The present results clearly demonstrated that circulating ir-PRL shows a biphasic pattern during normal pregnancy and that the placenta appears to be an important source of circulating ir-PRL during pregnancy in both African and Asian elephants.
Blood collection
Blood samples from the African and Asian elephants were collected through an ear vein without anesthesia weekly for ten years. The samples were taken daily before the third and fourth parturitions of the African elephant and before the second and third parturitions of the Asian elephant (Table 1 ). Sera were separated by centrifugation and kept at -20 C until hormonal analysis.
Placental tissues
Placental tissues were collected from one full-term pregnancy of the female African elephant, Rika and one full-term pregnancy of the Asian elephant, Zuze, described above. Additionally, placental samples were collected from four different Asian elephants after parturition ( Table 1 ). Tissues were cut into 1-2-cm pieces and washed with saline immediately in the case of Rika, Zuze and Poory. Tissues for hormonal assay were put into 50 ml IWAKI centrifuge tubes (Asahi Glass, Tokyo, Japan) and stored at -80 C until homogenization. Frozen placental tissues were homogenized in normal saline and centrifuged at 20,800 × g at 4 C for 30 min. The supernatant was separated carefully and used for the hormone assay. Placental tissues for histology were fixed with 4% Paraformaldehyde Phosphate Buffer Solution (Wako Pure Chemical Industries, Osaka, Japan) or 10% Formalin Neutral Buffer Solution (Wako Pure Chemical Industries).
Radioimmunoassays (RIA)
Prolactin: Concentrations of PRL in elephant sera and placentae were determined by a heterologous RIA system using an antihuman PRL rabbit sera (NIDDK-anti-hPRL-3, National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA, USA), iodinated ovine PRL (NIDDK-oPRL-I-2), ovine PRL standard (NIDDK-RP-2) and goat anti-rabbit gamma globulin (ARGG) as previous described [22] . Thus, PRL levels are referred to as immunoreactive (ir-) PRL in the present paper. The intra-and interassay coefficients of variation were 7.3% and 9.3%, respectively.
Progesterone: Concentrations of progesterone were determined by a double-antibody RIA systems using 125 I labeled radioligands as described previously [15] . Antisera against progesterone used for Zuze [29] were kindly provided by Dr GD Niswender, Animal Reproduction and Biotechnology, Colorado State University, Fort Collins, CO, USA (GDN337). Antisera against progesterone used for Rika were kindly provided from Dr Y Hasegawa, Kitasato University, Aomori, Japan (G-1). The iodinated steroid was progesterone-11α-glucuronide-[ 125 I] iodotyramine (IM140), which was purchased from Amersham International Plc, Bucks, United Kingdom. The secondary antisera were donkey anti-sheep gamma globulin serum for GDN 337 and goat anti-rabbit gamma globulin serum for G-1. The intra-and interassay coefficients of variation were 3.2% and 8.4% in the assay using GDN 337 and 10.9% and 3.6% in the assay using G-1, respectively.
Histology
The placental tissues were fixed with 4% Paraformaldehyde Phosphate Buffer Solution or 10% Formalin Neutral Buffer Solution and embedded in paraffin. The paraffin embedded tissues were sectioned (4 or 6 µm) and placed on MAS-coated slide glasses (Matsunami Glass Ind, Osaka, Japan). Sections were stained with Mayer's hematoxylin and 1% Eosin Y solution (Muto Pure Chemicals, Tokyo, Japan) for histological observation. 
Immunohistochemistry
After deparaffinization with xylene, immunohistochemical staining was performed, as previously described [30] , using anti-human PRL rabbit sera (NIDDK-anti-hPRL-3) and a Histofine SAB-PO (R) kit (Nichirei Corporation, Tokyo, Japan).
Statistical analyses
Serum levels of ir-PRL during three gestations of Rika and Zuze in Fig. 3 are expressed as means ± standard errors of the mean (SEM). Data from Rika's second gestation, which resulted in preterm birth, was not used in Fig. 3 . Data for progesterone was normalized by designating week 0 as the week before the first elevation of serum concentrations of progesterone in each gestation. Statistical comparisons were analyzed using one-way analysis of variance and Bonferroni's multiple comparison test. P values of less than 0.05 were considered to be statistically significant.
Results

Changes in serum levels of ir-PRL and progesterone during gestation in elephants
The changes in the serum concentrations of ir-PRL in the African (Rika) and Asian (Zuze) elephants are shown in Figs. 1 and 2. In both the African and Asian elephant, the serum levels of ir-PRL were remarkably high during late gestation. Serum levels of ir-PRL started to increase around four-six months after mating and decreased to basal levels after parturition for all pregnancies of the two examined females. Serum levels of progesterone started to increase after ovulation, remained high throughout gestation and declined four to seven days before parturition in each pregnancy of Rika and Zuze. Average serum levels of ir-PRL in three normal pregnancies of Rika and Zuze are shown in Fig. 3 . Two peaks of serum ir-PRL concentrations were observed during mid and late gestation. The first peak (10th month of gestation, mean ± SEM = 171.18 ± 15.5 ng/ml and number of samples (n) = 15 for Rika and 12th month of gestation, 519.9 ± 52.6 ng /ml and n = 10 for Zuze) was followed by a temporary decrease in the ir-PRL level. This transient decline occurred between the 15th and 16th months of gestation (16th month of gestation, 63.5 ± 8.7 ng/ml and n = 13 for Rika and 15th month of gestation, 344.7 ± 33.7 ng/ml and n = 12 for Zuze). Circulating ir-PRL levels increased again and reached a second peak in 19th-21st month of gestation (21st month of gestation, 107.3 ± 9.3 ng/ml and n = 12 for Rika and 19th month of gestation, 572.6 ± 32.9 ng/ml and n = 11 for Zuze) followed by a decrease to baseline within seven days after parturition. The serum levels of ir-PRL at the first peak of Rika and Zuze, and at the second peak of Zuze were significantly higher than the levels during the period of the transient decline. Fig. 4 shows serum ir-PRL and progesterone levels in a case of abortion at the 17th month of gestation in Rika. Although the first peak of ir-PRL was noted around the 9-10th month of gestation, the second peak was not observed in this case. The serum ir-PRL levels remained low for 16 weeks before abortion occurred. During the last 16 weeks prior to abortion, the serum levels of ir-PRL were significantly higher (mean ± SEM = 32 ± 4.25 ng/ml, n = 16) compared with the postpartum period (mean ± SEM = 0.99 ± 0.23 ng/ml, n = 9) (P < 0.05). The serum levels of ir-PRL decreased to baseline concentrations after parturition. The body weight of the fetus was 23.5 kg.
Ir-PRL in placental tissues
The elephants had a zonary placenta with a thickness of 3-4 cm. Cross sections of placenta showed a uniform structure, and there were no surface differences in the entire placentas in African and Asian elephants. Tissues were collected from eight sites of Rika's placenta, four arbitrarily determined areas. A, B, C and D, each from near the endometrium (maternal side) and near the fetal membrane (fetal side). Tissues were collected from two sites (one area each from the maternal and fetal sides) of Zuze's placenta. For other elephants, tissues were collected from only one site. The dose-response curves of ir-PRL in African and Asian elephant placental homogenates are shown in Fig. 5 . Addition of homogenate of both the maternal and fetal side of placentae in African and Asian elephants resulted in displacement of ovine PRL tracer in a dose-response manner. Dose-response curves of serially diluted placental homogenate showed parallelism to the standard curves produced with ovine PRL, indicating that placental tissue of both African and Asian elephants contains ir-PRL.
Immunolocalization of ir-PRL in the placenta of elephants
The structure of placental tissue was very similar in African and Asian elephants. Placental tissue at term consisted of a single layer of trophoblast cells with a large nucleus and fetal connective tissue (Fig. 6C ). A positive immunoreaction was observed in the cytoplasm of trophoblast cells of both the African (Fig. 6A) and Asian (Fig. 6B) elephants.
Discussion
In this study, the biphasic pattern of serum ir-PRL secretion was observed during all normal pregnancies of the African and Asian elephants. Previous studies demonstrated that serum levels of ir-PRL increase markedly from around 6 months of gestation during pregnancy, which lasts an average of 22 months in elephants [16, [18] [19] [20] [21] , and remain high until parturition [14, 16, [19] [20] [21] . However, a biphasic pattern as shown in the present study is a novel finding compared with the previous studies. This difference is likely due to the sampling frequency or sensitivity of the RIA compared with those used in previous hormone assays.
In the present study, ir-PRL was detected in the term placental homogenate of both African and Asian elephants by radioimmuno- assay and immunohistochemistry. These results strongly suggested that the placenta is the major source of ir-PRL at least during late gestation in elephants, though the source of the first ir-PRL peak is not clear at the present time. It is known that PRL is derived from the decidua in humans and rodents [2, [23] [24] [25] [26] . In the present study of Asian and African elephant placenta samples, immunolocalization of ir-PRL was observed in trophoblasts but not in the decidua. Yamamoto et al. demonstrated that ir-PRL is immunolocalized in trophoblast cells throughout gestation in African elephants [30] .
In the second gestation of Rika, which resulted in abortion, the second peak of ir-PRL was not observed. This finding supports our theory that the second ir-PRL surge may be derived from the placenta. The case of premature pregnancy termination suggests that there may have been a placental disorder or dysfunction because of the lack of the second peak of ir-PRL. The body weight of the fetus aborted at the 17th month of gestation was 23.5 kg. This is quite small compared with the previous reports, which expected a fetal weight of 40-50 kg at this time in African elephants [31, 32] . There are different possible reasons for the fetal growth. One reason could be a growth and developmental disorder or dysfunction of the placental band, and could be that the fetus died earlier, remained within the uterus and was expelled at a later stage. A retained fetus has been reported in several cases in elephants [33, 34] . Furthermore, it was shown previously that there is a delay in embryo resorption and progesterone decline after death of an embryo [35] . However, in the case of Rika, progesterone decline and abortion occurred in close time relation, and no fetal maceration was observed. Another likely explanation for the small body mass of the aborted fetus is the lack of ir-PRL .
It has been reported that placental size [36] , serum concentrations of maternal and fetal placental lactogens (PLs), which have a structure similar to PRL [36, 37] , and bioactivity of PL [38] are positively correlated with fetal weight in sheep. Elephants have the longest pregnancy of all terrestrial mammals, and neonates typically weigh around 80-130 kg [39] . A placenta and placental factors are necessary for fetal growth. The placenta transports nutrition from the mother to the fetus and secretes growth factors to stimulate fetal growth [40] . The histology and the function of the placenta in the African elephant were investigated previously [28, 31, 32, 41] . Wooding et al. demonstrated the presence of growth factor mRNA such as that of insulin-like growth factor II, hepatocyte growth factor-scatter factor and transforming growth factor β1 in the African elephant placenta [32] .
PRL from the pituitary and PLs both act through PRL receptors in the glandular epithelium and stimulate proliferation of endometrial glands, which secrete a complex protein mixture of enzymes, growth factors, cytokines, hormones and other constituents in sheep [40, 42] . PRL and PLs circulate in fetal serum [37, [43] [44] [45] [46] and bind to receptors on fetal tissues in mammals [43, 47, 48] . PRL receptors express on fetal tissues including bones, lungs, adrenal glands, kidneys, the liver and skeletal muscles in rats and humans [49] [50] [51] . PRL and PLs act as growth factors for fetal organs in these species. PRL receptors are expressed in the growth plate of cartilage in the human fetus, which indicates that PRL or PLs may regulate the differentiation and maturation of cartilage [51] . In addition, it is also established that osteoblasts, but not osteoclasts, express PRL receptors in mice [52] . One previous study reported that the pituitary tumor was surrounded by calcification with an eggshell appearance in a prolactinoma patient [53] . It is known among scientists that the skeleton is relatively calcified and that skull bone does not contain any sys-cartilage in a newborn elephant.
It is well known that PRL has a luteotropic function and maintains luteal progesterone secretion in rodents [2, 54] . On the other hand, PRL has been shown to be luteotropic in several other species [55, 56] . In deer, PRL enhances the secretory capacity of the corpus luteum for steroids [57] . Active secretion of PRL might play an important role for the maintenance of pregnancy in elephants [58] . Pregnant African and Asian elephants possess multiple corpora lutea in their ovaries throughout gestation [21, [59] [60] [61] . Allen et al. demonstrated that the placenta of the elephant is steroidogenically inert [31] . Therefore, it was suggested that the corpora lutea are the main source of progesterone throughout pregnant elephants. However, no potential factors have been found that maintain the progesterone secretion from corpora lutea throughout the entire pregnancy period. The present study strongly suggested that placental derived ir-PRL is a likely candidate for luteal maintenance. Further investigation is required to determine the luteotropic function in pregnant elephants. In general, elephants have a very long gestational period and give birth to one calf only. Because of the long generation time in elephants, it seems to be highly effective to produce a well-developed calf. For enhanced survival in the wild, it is a great advantage to give birth to a fully competent baby that can follow the herd from the first day. If ir-PRL is a luteotropic factor and inherits other functions such as acting as a growth factor in elephants, active secretion of ir-PRL would be very important for the elephant fetus to grow and develop properly.
The present study demonstrated a biphasic pattern of serum ir-PRL in African and Asian elephants during pregnancy. Additionally, ir-PRL was detected in trophoblasts, suggesting that the major source of ir-PRL during the late gestation period is of placental origin. We suggested that measurement of ir-PRL may prove to be an important indicator for normal placental development and fetal growth in elephants. 
